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Abstract
Background: SIRT6 has diverse roles in cells, and the role of SIRT6 in tumorigenesis is controversial.
Considering the role of SIRT6 as an inducer of DNA damage repair, it might be involved in resistance to
anti-cancer therapy.

Methods: We evaluated the prognostic signi�cance of SIRT6 in 37 osteosarcomas and investigated the
therapeutic e�cacy of SIRT6 on the anticancer effects of doxorubicin, olaparib, and ATM inhibitor.

Results: Immunohistochemical expression of SIRT6 was signi�cantly associated with shorter overall
survival and relapse-free survival of osteosarcoma patients, especially in patients who received adjuvant
chemotherapy. In U2OS and KHOS/NP osteosarcoma cells, knock-down of SIRT6 signi�cantly potentiated
apoptotic effects of doxorubicin and SIRT6 overexpression induced resistance to doxorubicin. Moreover,
SIRT6 induced the DNA damage repair pathway and SIRT6-mediated resistance to doxorubicin was
attenuated by blocking the DNA damage repair pathway with olaparib and ATM inhibitor.

Conclusions: This study suggests that suppression of SIRT6 in combination with doxorubicin might be
an effective modality in the treatment of osteosarcoma patients, especially for osteosarcomas with
shorter survival with high expression of SIRT6.

Background
SIRT6 is a member of the sirtuin family and important in the regulation of cellular physiology and
tumorigenesis [1-5]. SIRT6 is best known for its roles in the regulation of cellular proliferation, energy
metabolism, aging, and DNA damage repair [1-3, 5-8]. Especially, the functions of SIRT6 in the repair of
DNA damage raise the possibility that SIRT6 may be involved in tumorigenesis [9]. However, there are
controversial reports on the role of SIRT6 in tumorigenesis and tumor progression. Especially, the effect
of SIRT6 in tumor growth has been reported controversially according to the type of cancer [4, 10-13].
Despite the roles of SIRT6 as a sensor to repair DNA damage, higher expression of SIRT6 is related to
increased proliferation and invasiveness of cancer cells [14-16]. Furthermore, elevated expression of
SIRT6 was associated with shorter survival of cancer patients in the breast, stomach, lung, ovary, and
lymphoma [14, 16-19]. In contrast, loss of SIRT6 is a factor associated with shorter survival of breast and
liver cancer patients in other reports [13, 20]. Even with the same MDA-MB-231 breast cancer cells, there
are con�icting reports of SIRT6 either increasing or decreasing the proliferation of these cells [13, 14].
These controversial reports on the role of SIRT6 in cancer growth suggest that the effect of SIRT6
expression might differ according to the condition of the cancer itself or the cancer-associated
environment.

One of the critical factors determining the survival of cancer patients is the responsiveness of cancer to
anti-cancer therapy. Regarding resistance to anti-cancer therapy of cancer cells, various factors such as
activation of the DNA damage repair pathway, immune evasion, metabolic change, and the stemness of
cancer cells have important roles [21, 22]. Especially, the DNA damage repair pathway is tumor
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suppressive in normal cells, but it induces resistance of cancer cells to genotoxic anti-cancer therapies
[23, 24]. Based on these paradoxical roles of the molecules of the DNA damage repair pathway, inhibitors
of this pathway, such as Poly (ADP-ribose) polymerase (PARP) inhibitors, have been developed as anti-
cancer agents [11, 21]. Therefore, when based on the role of SIRT6 in the DNA damage repair pathway [1,
8, 25], SIRT6 might be an inducer of therapeutic resistance [26]. 

 Osteosarcoma is the most common primary bone malignancy [27]. Despite recent advances in the
understanding of human cancers, osteosarcomas are often refractory to treatment [28]. Recently, there
are increasing reports focusing on the roles of the sirtuins, especially on SIRT6, in human cancers [4, 29,
30]. Furthermore, the DNA damage repair pathway is a promising target of cancer treatment [11]. In
osteosarcoma cells, the PARP inhibitor, olaparib, potentiates the therapeutic e�cacy of doxorubicin [31].
However, there have been limited studies on the roles of SIRT6 in osteosarcoma [32-35]. Furthermore, the
role of SIRT6 in the progression of osteosarcoma has been reported controversially [32, 33, 35]. However,
when considering the role of SIRT6 in the repair of DNA damage, SIRT6 might be involved in the
effectiveness of anti-cancer treatment [2, 8, 25, 26, 29]. Therefore, this study evaluated the role and effect
of SIRT6 expression on osteosarcoma by investigating the expression of SIRT6 in human osteosarcomas
and assessing the role of SIRT6 in resistance to the treatment of doxorubicin in conjunction with the role
of SIRT6 on the repair of DNA damage.

Methods
Osteosarcoma patients

In this study, 37 osteosarcomas of bone that underwent surgical resection at the Jeonbuk National
University Hospital between January 1998 and December 2012 were evaluated. The cases with a
complete medical record, histologic slides, and para�n-embedded tissue blocks were included in this
study. All cases were reviewed according to the World Health Organization classi�cation of bone tumors
[27] and the American Joint Committee on Cancer staging system [36]. The clinicopathologic factors of
osteosarcoma evaluated in this study were age (< 30 y versus ≥ 30 y), sex (male versus female), tumor
size (≤ 8 cm versus > 8 cm), tumor stage (I versus II-III), histologic grade (low versus high), lymph node
metastasis (absence versus presence), distant metastasis at diagnosis (absence versus presence), and
latent distant metastasis (absence versus presence). Latent distant metastasis is de�ned as a relapse of
osteosarcoma at a distant organ during follow-up after operation. The clinical information was obtained
by reviewing the medical records. There were no patients who received preoperative chemotherapy, but
twenty-six patients received adjuvant chemotherapy. This study was performed with approval of the
institutional review board approval at Jeonbuk National University Hospital, and the requirement for
informed consent was waived (IRB number, CUH 2018-08-040-001).

Immunohistochemical staining and scoring in the tissue microarray of human osteosarcoma

Immunohistochemical staining for SIRT6 was performed with tissue microarray (TMA) sections for
osteosarcoma. The TMA cores were established to contain primarily tumor cells in the core without any
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degenerative change. Two 3.0 mm cores were established for each case. The TMA sections were
depara�nized and antigen retrieval was performed by boiling with a microwave oven for 20 minutes in
pH 6.0 antigen retrieval buffer (DAKO, Glostrup, Denmark). The tissue sections were incubated with anti-
SIRT6 (1:100, Cell Signaling Technology, Beverly, MA) antibodies. The slides immunostained for SIRT6
were evaluated by two pathologists (KYJ and KMK) under a multi-viewing microscope and the scoring
performed with consensus without information for the case. The immunohistochemical expression of
SIRT6 was scored by adding the staining intensity score and staining area score. The staining intensity
was scored from zero to three (0; no expression, 1; weak expression, 2; intermediate expression, and 3;
strong expression), and the staining area was scored from zero to �ve (0: no stained cells; 1: 1%, 2:
2~10%, 3: 11~33%; 4: 34~66%; and 5: 67~100%) [10, 31, 37-39]. Thereafter, the �nal
immunohistochemical staining score was obtained by adding the scores obtained from each TMA core,
which ranged from zero to sixteen [38, 39].

Cell culture, chemicals, and transfection

This study used two human osteosarcoma cell lines, U2OS (Korean Cell Line Bank, Seoul, Korea) and
KHOS/NP. KHOS/NP cells were kindly provided by Chang-Bae Kong (Department of Orthopedic Surgery,
Korea Institute of Radiological and Medical Science). The cells were cultured in Dulbecco’s modi�ed
Eagle’s medium (Gibco BRL, Gaithersburg, MD) containing 10% FBS (Gibco BRL) and 1%
penicillin/streptomycin (100 U/mL) at 37 °C in a humidi�ed incubator under 5% CO2. This study used
doxorubicin (D1515, Sigma, St. Louis, MO), KU-55933, an ATM inhibitor, (SML1109, Sigma), and olaparib,
a PARP inhibitor (SC-302017, Santa Cruz Biotechnology, Santa Cruz, CA). The vector for SIRT6-speci�c
shRNA was purchased from GenePharma Co. (GenePharma, Shanghai, China). The SIRT6 duplex had the
sense and antisense sequences 5′-
CACCGCTACGTTGACGAGGTCATGATTCAAGAGATCATGACCTCGTCAACGTAGCTTTTTTG-3′ and 5′-
GATCCAAAAAAGCTACGTTGACGAGGTCATGATCTCTTGAATCATGACCTCGTCAACGTAGC-3′, respectively
[16]. A pFLAG-CMV-2 plasmid vector was used as a control vector. The vector overexpressing wild-type
SIRT6 (pFLAG2_SIRT6) was synthesized by Cosmogenetech Co. Ltd. (Cosmogenetech Co. Ltd, Seoul,
Korea) [16]. Transfection was performed using Lipofectamine 3000 (Invitrogen, Carlsbad, CA). 

Cell proliferation assay and colony-forming assay

The proliferation of cells was evaluated with the Cell Proliferation ELISA, BrdU (colorimetric) assay
(Roche, Mannheim, Germany) and colony-forming assay. The BrdU assay was performed with seeding of
U2OS (0.8×103) and KHOS/NP (0.8×103) cells on 96-well plates and measured with Bio-Rad model 680
microtiter plate reader (Bio-Rad, Hercules, CA) at a wavelength of 370 nm. The colony-forming assay was
performed by plating U2OS cells (2×103) and KHOS/NP cells (2×103) in 24-well culture plates. The culture
plates were stained with 0.01% crystal violet (Sigma) seven days after seeding. The number of colonies
was quanti�ed by using the Colony Area ImageJ Plugin (https://imagej.nih.gov/ij).

Western blot analysis and immunoprecipitation



Page 6/30

The cells were lysed with Mammalian Protein Extraction Reagent (Thermo Fisher Scienti�c, Rockford, lL)
containing 1× phosphatase inhibitor cocktails 2, 3 (Sigma). For immunoprecipitation, 500 μg of protein
precleared with Mammalian Protein Extraction Reagent was incubated with antibodies, as indicated,
overnight and then with protein G-agarose (Thermo Fisher Scienti�c) for two hours. Cell lysates were
separated by 10% SDS-PAGE and transferred to PVDF membranes. The blot was probed with primary
antibodies. The primary antibodies used for western bolt were SIRT6 (Cell Signaling Technology), cleaved
PARP1 (Cell Signaling Technology), cleaved caspase 3 (Cell Signaling Technology), BCL2 (Santa Cruz
Biotechnology), BAX (Santa Cruz Biotechnology), Chk2 (Thr68) (Cell Signaling Technology),
phosphorylated Chk2 (p-Chk2, Cell Signaling Technology), ATM (Cell Signaling Technology),
phosphorylated ATM (Ser1981) (p-ATM, Cell Signaling Technology), P53 (Santa Cruz Biotechnology),
phosphorylated P53 (Ser15) (p-P53,Santa Cruz Biotechnology), H2AX (Cell Signaling Technology), γH2AX
(Cell Signaling Technology), IgG (Cell Signaling Technology), and GAPDH (Santa Cruz Biotechnology).
The bands of western blot were quanti�ed using an ImageJ software (https://imagej.nih.gov/ij).

Flow cytometry analysis for apoptosis

Apoptosis was assessed via �ow cytometry analysis with staining for FITC-conjugated annexin V and
propidium iodide using the apoptosis detection kit (Invitrogen). The suspended cells in 100 μL of binding
buffer at a concentration of 1x106 cell/mL were incubated with 5 μL of annexin V-FITC and 5 μL of
propidium iodide for 15 min at room temperature in the dark. The samples were analyzed using a BD
FACSCalibur system (Becton-Dickinson, San Jose, CA).

Orthotopic tumor model

In the orthotopic xenograft model, six-week-old male BALB/c nude mice (Orient Bio, Gyeonggi-Do, Korea)
were used. The tumor in the right proximal tibia was induced by injecting 2.5×106 KHOS/NP cells
transfected with empty vectors, shRNA for SIRT6, or plasmid for wild-type SIRT6 into the marrow space
under anesthesia. Four mice were used in each group. Two weeks after tumor cell inoculation, mice were
injected intraperitoneally with doxorubicin (4 mg/kg in dimethyl sulfoxide) once a week. The body weight
and tumor volume were measured every �ve days. The tumor volumes were calculated as “length x width
x height x 0.52”. The animals were euthanized with sodium pentobarbital at 20 days after treatment with
doxorubicin. Histologic sections of the resected tumors were stained with hematoxylin and eosin and
immunohistochemical staining for SIRT6 and Ki67. The tissue sections from the tumor were incubated
with anti-SIRT6 (Cell Signaling Technology, Beverly, MA) and anti-Ki67 (Clone MIB-1, DAKO, Glostrup,
Denmark) antibodies. Immunohistochemical staining for Ki67 was quanti�ed as the percent of tumor
cells with nuclear expression of Ki67. The amount of apoptosis in resected tumors was evaluated with a
Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay using the DeadEnd
colorimetric TUNEL system (Promega, Madison, MA). To quantify TUNEL-positive cells, ten microscopic
images were obtained in each tumor with a 40x objective lens (Plan Apo40/0.95NA, Nikon, Japan) and a
digital camera (Nikon DXm1200F, Nikon, Japan). The area of one microscopic image was 0.086 mm2.
Therefore, 0.86 mm2 per tumor was evaluated to count the number of TUNEL-positive cells. Animal
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experiments were approved by the institutional animal care and use committee of Jeonbuk National
University (approval number: CBNU 2018-109).

Statistical analysis

Immunohistochemical positivity for SIRT6 was determined by receiver operating characteristic curve
analysis. The cut-off point was determined at the point with the highest area under the curve to predict
the death of osteosarcoma patients [15, 20, 28]. The prognosis of osteosarcoma patients was evaluated
for overall survival (OS) and relapse-free survival (RFS). The endpoint of follow-up was June 2014. An
event in OS analysis was the death of the patient from osteosarcoma and the duration was calculated
from the date of operation to the date of death or last follow-up. An event in RFS analysis was a relapse
of any type and death from osteosarcoma and the duration was calculated from the date of operation to
the date of the event or last follow-up. Statistical analysis for survival was performed by univariate and
multivariate Cox proportional hazards regression analyses and Kaplan-Meier survival analysis. The
signi�cance between the evaluated factors was evaluated with the Pearson's χ2 test and the Student’s t-
test. All experiments were performed in triplicate, and representative data are presented. SPSS software
(IBM, version 20.0, CA) was used throughout, and P values less than 0.05 were considered statistically
signi�cant.

Results
The expression of SIRT6 is associated with poor prognosis of osteosarcoma patients

Immunohistochemical expression of SIRT6 in human osteosarcoma is presented in Figure 1a. The cut-off
point of the immunohistochemical staining score for SIRT6 expression was determined at the point with
the highest area under the curve, which was nine (Fig. 1b). The cases with immunohistochemical staining
scores equal to, or greater than, nine were considered SIRT6-positive. With this cut-off point, SIRT6
positivity was signi�cantly associated with latent distant metastasis of osteosarcoma patients (P =
0.005) (Table 1). However, there was no signi�cant association between SIRT6 expression and tumor
stage or histologic grade (Table 1).

In univariable analyses, age, tumor size, stage, histologic grade, lymph node metastasis, distant
metastasis, and SIRT6 expression were signi�cantly associated with OS or RFS (Table 2). Especially,
SIRT6-positivity indicated a 4.012 fold greater risk of death of osteosarcoma patients (95% CI, 1.419-
11.344; P = 0.009) and had a 4.151 fold greater risk of relapse of tumor or death of patients (95% CI,
1.570-10.971; P = 0.004) (Table 2). Kaplan-Meier survival analysis also indicated that SIRT6 expression is
signi�cantly associated with OS (Log-rank, P = 0.005) and RFS (Log-rank, P = 0.002) (Fig. 1c).
Multivariable analyses were performed with standard variables signi�cantly associated with OS or RFS in
univariable analyses. Age, tumor size, stage, lymph node metastasis, distant metastasis, histologic grade,
and SIRT6 expression were included in multivariable analyses. Multivariable analyses showed tumor size
(OS; P = 0.023, RFS; P = 0.018), distant metastasis (OS; P = 0.008, RFS; P = 0.050), and SIRT6 expression
(OS; P = 0.001, RFS; P < 0.001) as independent prognostic indicators of osteosarcoma patients (Table 3).



Page 8/30

SIRT6-positivity had a 6.797 fold greater risk of death of osteosarcoma patients (95% CI, 2.129-21.702)
and had a 6.516 fold greater risk of relapse of tumor or death of patients (95% CI, 2.234-19.001) (Table
3).

Furthermore, we performed additional survival analysis with 26 osteosarcoma patients who were treated
with postoperative adjuvant chemotherapy. In this sub-group of osteosarcoma patients, SIRT6 expression
was an independent indicator of poor prognosis of osteosarcoma patients with univariable and
multivariable analyses. SIRT6 expression predicted a 6.988 fold greater risk of death of osteosarcoma
patients (95% CI, 1.439-33.930; P = 0.016) and had a 6.930 fold greater risk of relapse of tumor or death
of patients (95% CI, 1.727-27.814; P = 0.006) (Table 4). Kaplan-Meier survival curves for the expression of
SIRT6 on OS (Log-rank, P = 0.009) and RFS (Log-rank, P = 0.012) are presented in Figure 2.

Suppression of SIRT6 potentiates the effect of doxorubicin on the proliferation of osteosarcoma cells.

Based on the prognostic signi�cance of SIRT6 expression in osteosarcoma patients, especially in the
patients who received adjuvant chemotherapy, we evaluated the effects of SIRT6 expression on the anti-
tumor activity of doxorubicin in osteosarcoma cells. As shown in Figures 3a and 3b, when we did not
treat with doxorubicin (at a dose of zero for doxorubicin in Figures 3a and 3b), the knock-down or
overexpression of SIRT6 did not in�uence the proliferation of U2OS and KHOS/NP osteosarcoma cells. At
a dose of 0.05 μM doxorubicin, the knock-down or overexpression of SIRT6 did not in�uence on the
proliferation of U2OS and KHOS/NP osteosarcoma cells (Fig. 3a). However, overexpression of SIRT6
signi�cantly increased the proliferation of cells compared with control cells, and knock-down of SIRT6
signi�cantly decreased the proliferation of cells compared with control cells with treatment of
doxorubicin from 0.1 to 0.8 μM (Fig 3a). When we treated 0.1 μM doxorubicin for 24, 48, and 72 hours,
overexpression of SIRT6 signi�cantly increased the proliferation of cells compared with control cells, and
knock-down of SIRT6 signi�cantly decreased the proliferation of cells compared with control cells with
treatment of doxorubicin from 0.1 to 0.8 μM (Fig 3b and 3c). Therefore, overexpression of SIRT6
attenuated the anti-proliferative effect of doxorubicin and knock-down of SIRT6 potentiated the effect of
doxorubicin at concentrations of doxorubicin at or above 0.1 μM (Fig. 3).

Suppression of SIRT6 potentiates the cytotoxic effect of doxorubicin by increasing the apoptosis of
osteosarcoma cells.

Based on the cytotoxic activity of doxorubicin, we further evaluated the effects of SIRT6 expression on
apoptosis of osteosarcoma cells when co-treated with 0.1 μM doxorubicin. The effect of SIRT6
expression on apoptotic signaling was minimal without the treatment of doxorubicin (Fig. 4a). However,
in the cells treated with doxorubicin, the knock-down of SIRT6 increased expressions of cleaved PARP1,
BAX, and cleaved caspase 3, but decreased expression of BCL2; conversely, overexpression of SIRT6
decreased the expression of cleaved PARP1, BAX and cleaved caspase 3, but increased expression of
BCL2 in both U2OS and KHOS/NP cells (Fig. 4a). Flow cytometric apoptotic analysis also showed more
apoptosis of KHOS/NP cells with knock-down of SIRT6 and decreased apoptosis of KHOS/NP cells with
overexpression of SIRT6 in a condition of co-treatment of 0.1 μM doxorubicin (Fig. 4b).
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SIRT6 in�uence on in vivo growth of osteosarcoma cells with treatment of doxorubicin

We further evaluated the expression of SIRT6 on in vivo tumor growth in mice treated with doxorubicin.
The treatment of doxorubicin itself signi�cantly decreased tumor growth. Furthermore, knock-down of
SIRT6 signi�cantly potentiated the inhibitory effect of doxorubicin on in vivo tumor growth (Fig. 5). The
immunohistochemical expression of SIRT6 in in vivo tumors is presented in Figure 5a. Compared to the
group receiving only doxorubicin treatment, tumor growth was signi�cantly decreased with knock-down
of SIRT6 (Fig. 5a, 5b, and 5c). However, the effect of the anti-tumor effect of doxorubicin was attenuated
by overexpression of SIRT6. There was no signi�cant difference between the EVs group and SIRT6-
overexpression with the doxorubicin treated group (Fig. 5a, 5b, and 5c). Immunohistochemical staining
for Ki67 in the xenograft tumors showed more Ki67-positive cells in the SIRT6-overexpressing group
compared with the group with induced knock-down of SIRT6 upon treatment with doxorubicin (Fig 5d).
TUNEL staining in the xenograft tumors showed that the number of TUNEL-positive cells increased with
the treatment of doxorubicin. However, the doxorubicin-mediated increase in apoptosis was attenuated
with overexpression of SIRT6 (Fig. 5e). There were no signi�cant differences in the number of TUNEL-
positive cells between the EVs group and the SIRT6-overexpressing doxorubicin treated group (Fig. 5e).
However, knock-down of SIRT6 was associated with an increase in apoptosis upon treatment with
doxorubicin. The number of TUNEL-positive apoptotic cells signi�cantly increased with SIRT6 knock-
down in the doxorubicin treated group compared with the group treated with doxorubicin only (Fig. 5e).
There was no toxic effect or distant metastasis on internal organs in four experimental groups. 

Blocking of the DNA damage repair pathway with an ATM inhibitor and the PARP inhibitor, olaparib,
potentiates the cytotoxic effects of doxorubicin in osteosarcoma cells overexpressing SIRT6

Recently, a role of SIRT6 in the DNA damage repair pathway has been reported [1, 8, 25]. Moreover, the
effects of SIRT6 on the proliferation and apoptosis of osteosarcoma cells under the treatment of
doxorubicin raise the possibility that the SIRT6-mediated DNA damage repair pathway might affect the
cytotoxic effect of doxorubicin. Consistently, under treatment of doxorubicin, overexpression of SIRT6
increased expression of phosphorylated ATM, phosphorylated Chk2, P53, and phosphorylated P53, while
knock-down of SIRT6, especially when combined with 0.1 μM doxorubicin treatment, decreased the
expression of phosphorylated ATM, phosphorylated Chk2, P53, and phosphorylated P53 (Fig. 6a). In
addition, the expression of γH2AX increased with the knock-down of SIRT6 and decreased with
overexpression of SIRT6 under treatment of 0.1 μM doxorubicin (Fig. 6a). Furthermore, to validate the
interaction between SIRT6 and p-ATM, we compared the levels of SIRT6 and p-ATM using co-
immunoprecipitation and immunoblotting assays with cell lysates obtained after treatment with
doxorubicin. As shown in Figure 6b, the interaction between SIRT6 and p-ATM increased in response to
doxorubicin-mediated DNA damage in both U2OS and KHOS/NP cells. These �ndings suggest that
overexpression of SIRT6 induces resistance to the genotoxic agent doxorubicin by repairing damage to
escape apoptosis. Therefore, we evaluated the effect of co-treatment of doxorubicin and an ATM
inhibitor/PARP inhibitor in osteosarcoma cells in which the overexpression of SIRT6 had been induced.
The treatment of ATM inhibitor KU-55933 alone did not signi�cantly inhibit the proliferation of U2OS and
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KHOS/NP cells (Fig. 7a). In contrast, the treatment of 30 μM olaparib alone signi�cantly inhibited the
proliferation of U2OS and KHOS/NP osteosarcoma cells (Fig. 7b). In addition, the cytotoxic effect of
doxorubicin was attenuated with the overexpression of SIRT6 in U2OS and KHOS/NP osteosarcoma cells
(Fig. 7a and 7b). Furthermore, co-treatment of KU-55933 or the PARP inhibitor olaparib with doxorubicin
synergistically inhibited the proliferation of SIRT6-overexpressing U2OS and KHOS/NP osteosarcoma
cells (Fig. 7a and 7b). In addition, we performed �ow cytometry analysis for apoptosis after co-treatment
of doxorubicin and an ATM inhibitor/PARP inhibitor in osteosarcoma cells in which the overexpression of
SIRT6 had been induced. Upon treatment with doxorubicin, overexpression of SIRT6 attenuates
doxorubicin-mediated increase of apoptosis in U2OS and KHOS/NP osteosarcoma cells (Fig. 8). However,
upon treatment of doxorubicin, SIRT6-overexpression mediated decrease of apoptosis after treatment of
doxorubicin was reversed by co-treatment of KU-55933 or the PARP inhibitor olaparib (Fig. 8).
Furthermore, co-treatment of KU-55933 or the PARP inhibitor olaparib with doxorubicin synergistically
increased apoptosis of U2OS and KHOS/NP osteosarcoma cells (Fig. 8).

Discussion
In this study, we demonstrate that high expression of SIRT6 is signi�cantly associated with shorter
survival of osteosarcoma patients as an independent indicator of shorter OS and RFS of osteosarcoma
patients. In line with these results, the expression of SIRT6 was higher in osteosarcoma tissue compared
with normal bone tissue [35]. Furthermore, high expression of SIRT6 was signi�cantly associated with
more metastasis and shorter OS and disease-free survival of osteosarcoma patients [35]. Consistently,
the expression of SIRT6 was elevated in cancers compared with normal counterpart cells in the colon,
esophagus, melanocytes, thyroid, and lymph node [12, 15, 19, 40, 41]. In addition, high expression of
SIRT6 was associated with lymph node metastasis of colorectal cancers and thyroid papillary
carcinomas [12, 15] and was associated with poor prognosis of breast cancer, ovary cancer, gastric
cancer, lung cancer, and diffuse large B-cell lymphoma patients [14, 16-19]. However, controversially,
higher expression of SIRT6 was associated with favorable prognosis of breast cancer patients [13], and
loss of SIRT6 was associated with progression of hepatocellular carcinomas [20] and colon carcinomas
[5]. These controversial reports on the role of SIRT6 in human cancers suggest that the impact of SIRT6
expression in cancer patients might differ depending on cancer type and/or characteristics of cancer
patients included in the study [4, 14]. Therefore, further study is needed to clarify the various roles of
SIRT6 in tumorigenesis and cancer progression.

The prognostic signi�cance of SIRT6 expression might be related to the role of SIRT6 on the proliferation
of cancer cells, and SIRT6 is known as an important regulator of cellular proliferation [13-16]. However,
the impact of SIRT6 on the proliferation of cancer cells has been reported controversially [13-16].
Regarding a role for SIRT6 as an oncogenic molecule, SIRT6 stimulated the proliferation of cancer cells
by stimulating the Wnt/β-catenin pathway [16]. In addition, SIRT6 stimulated the invasiveness of cancer
cells by activating the epithelial-to-mesenchymal transition pathway in breast cancer, ovarian cancer, lung
cancer, and osteosarcoma cells [14, 16, 35, 42]. Especially, increased invasiveness of SIRT6-
overexpressing cancer cells was associated with activation of the ERK1/2-MMP9 pathway [35] and



Page 11/30

secretion of IL8 and TNF cytokines [43]. In non-small cell lung cancer, SIRT6 induced epithelial-to-
mesenchymal transition by regulating the snail/KLF4 pathway [42]. However, controversially, elevated
expression of SIRT6 inhibited the proliferation and invasiveness of osteosarcoma cells [32], and breast
cancer cells [13]. Overexpression of SIRT6 inhibited the proliferation of HepG2 liver cancer cells by
suppressing the ERK1/2 pathway [44]. In a model of idiopathic pulmonary �brosis, SIRT6 inhibited
epithelial-to-mesenchymal transition [45]. However, in this study, despite the prognostic signi�cance of
SIRT6 on the survival of osteosarcoma patients, the regulation of expression of SIRT6 did not
signi�cantly in�uence the proliferation of osteosarcoma cells. Therefore, further study focusing on the
role of SIRT6 according to the speci�c type of cancer is needed.

In our results, despite the prognostic signi�cance of SIRT6 expression, there was only one potential
prognostic clinicopathological variable signi�cantly associated with SIRT6 expression. A factor
signi�cantly associated with SIRT6 expression was latent distance metastasis of osteosarcoma. In
addition, SIRT6-positivity was signi�cantly associated with shorter OS and RFS in subgroups of
osteosarcoma patients who received adjuvant chemotherapy. In addition, overexpression of SIRT6
induced resistance to doxorubicin-mediated apoptosis of osteosarcoma cells and knock-down of SIRT6
sensitized doxorubicin-mediated apoptosis of osteosarcoma cells. These results suggest that SIRT6-
related differences in the prognosis of osteosarcoma patients might be related to SIRT6-mediated
resistance to anti-cancer therapy. Supportively, knock-down of SIRT6 sensitized non-small cell lung
cancer cells to paclitaxel treatment [46], and inhibition of SIRT6 sensitized lymphoma cells to doxorubicin
[19]. Furthermore, regarding responsiveness of cancer cells on anti-cancer therapy, one mechanism of
interest is the role of the molecules related with the DNA damage repair pathway in therapeutic resistance
[2, 24]. As it has been reported in breast and ovarian cancers, mutation in BRCA1/2 is correlates with early
development of cancer, which are responsive to genotoxic anti-cancer therapies [21, 23]. In addition,
higher expression of molecules associated with the DNA damage repair pathways such as BRCA1/2,
PARP, and γH2AX were associated with shorter survival of human cancer of the breast, ovary, and soft
tissue [47-49]. Furthermore, based on this rationale, various PARP inhibitors are FDA-approved drugs with
cancer patients with defects in BRCA1/2 such as ovary, breast, and prostatic cancer (OncoKB database,
https://www.oncokb.org, accessed July 31, 2020). In osteosarcoma cells, defects in BRCA1/2 make
tumors susceptible to the PARP inhibitor talazoparib [50]. Furthermore, there is an increasing number of
reports indicated that SIRT6 mediates the DNA damage repair pathways as a DNA double-strand break
sensor by activating PARP1 [2, 8, 25]. In this study, overexpression of SIRT6 induced the DNA damage
repair pathway. Upon treatment with doxorubicin, the interaction between SIRT6 and p-ATM increased,
and overexpression of SIRT6 increased expression of p-ATM and p-Chk2 and consequently decreased
expression of γH2AX; conversely, knock-down of SIRT6 decreases the expression of p-ATM and p-Chk2. In
addition, SIRT6 overexpression-mediated resistance to doxorubicin was attenuated with co-treatment of
the ATM inhibitor KU-55933 or the PARP inhibitor olaparib. Furthermore, treatment with KU-55933 or
olaparib synergizes with the anti-cancer effect of doxorubicin in both control osteosarcoma cells and
osteosarcoma cells with induced overexpression of SIRT6. In line with our results, inhibition of PARP via
knock-down of PARP1 or PARP inhibitor sensitized osteosarcoma cells and Ewing sarcoma cells to
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radiation or chemotherapeutic drugs [31, 51, 52]. In contrast, knock-down of SIRT6 increased viability of
breast cancer cells treated with trastuzumab [13]. However, despite controversial reports on the role of
SIRT6 as a therapeutic target of human cancer, our results indicate an important role of SIRT6 in the
treatment of osteosarcoma in blocking of the SIRT6-mediated DNA repair pathway synergizes with the
anti-cancer effect of the genotoxic anti-cancer agent doxorubicin. Furthermore, although a novel small
molecular inhibitor of SIRT6, OSS_128167, suppressed in vivo growth of diffuse large B-cell lymphoma
cells [19], the study of well-established therapeutic agents targeting SIRT6 have been limited [38], our
result suggests that using of an agent targeting the DNA damage repair pathway such as a PARP
inhibitor might be helpful for patients in the poor prognostic group of osteosarcoma patients which
express high levels of SIRT6. In addition, when considering the reports that elevated expression of SIRT6
is associated with poor prognosis of human cancers, agents which block the DNA damage repair
pathway might be useful for the treatment of other human cancer expressing high levels of SIRT6.

Conclusions
In conclusion, our results indicate that SIRT6 expression might be useful as a novel prognostic indicator
for osteosarcoma patients, especially for patients who received adjuvant chemotherapy. Furthermore, our
results show that suppression of SIRT6 or inhibition of the SIRT6-mediated DNA damage repair pathway
synergizes with the anti-cancer effect of doxorubicin. Therefore, a combination of inhibition of the
SIRT6/SIRT6-mediated DNA damage repair pathway with conventional genotoxic anti-cancer therapies
might be a new therapeutic stratagem for the poor prognostic group of osteosarcomas which have high
expression of SIRT6.
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Tables

Table 1. The clinical characteristics of 27 osteosarcomas and their correlation with the

immunohistochemical expression of SIRT6
Characteristics  No. SIRT6  
   Positive P
Age, years < 30 24 11 (46%) 0.642 
 ≥ 30 13 7 (54%)  
Sex Male 25 13 (52%) 0.556 
 Female 12 5 (42%)  
Tumor size ≤ 8 cm 19 9 (47%) 0.873 
 > 8 cm 18 9 (50%)  
Stage I 11 4 (36%) 0.331 
 II, III, & IV 26 14 (54%)  
Histologic grade 1 & 2 10 3 (30%) 0.167 
 3 & 4 27 15 (56%)  
Lymph node metastasis Absence 34 17 (50%) 0.580 
 Presence 3 1 (33%)  
Distant metastasis at diagnosis Absence 30 14 (47%) 0.618 
 Presence 7 4 (57%)  
Latent distant metastasis Absence 28 10 (36%) 0.005 
 Presence 9 8 (89%)  
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Table 2. Univariate Cox proportional hazards regression analysis for the overall survival

and relapse-free survival of osteosarcoma patients
Characteristics No. OS    RFS  

  HR (95% CI) P   HR (95% CI) P

Age, years, ≥ 30 (vs. <30) 13/37 2.398 (0.938-6.134) 0.068   2.925 (1.210-7.070) 0.017 

Sex, male (vs. female) 25/37 1.140 (0.402-3.229) 0.806   1.513 (0.541-4.228) 0.430 

Tumor size, > 8 cm (vs. ≤ 8 cm) 18/37 3.975 (1.401-11.280) 0.010   3.067 (1.204-7.813) 0.019 

Stage, ≥ II (vs. I) 26/37 4.829 (1.107-21.058) 0.036   3.267 (0.953-11.206) 0.060 

Histologic grade, 3 & 4 (vs. 1 & 2) 27/37 4.502 (1.031-19.666) 0.045   5.130 (1.184-22.222) 0.029 

Lymph node metastasis, presence (vs. absence) 3/37 5.373 (1.026-28.150) 0.047   2.981 (0.628-14.142) 0.169 

Distant metastasis, presence (vs. absence) 7/37 5.347 (1.793-15.950) 0.003   3.802 (1.295-11.163) 0.015 

SIRT6, positive (vs. negative) 18/37 4.012 (1.419-11.344) 0.009   4.151 (1.570-10.971) 0.004 

OS, overall survival; RFS, relapse-free survival; HR, hazard ratio; 95% CI, 95% confidence
interval. 
 

 

 

Table 3. Multivariate survival analysis in overall osteosarcoma patients.
Characteristics OS   RFS  
 HR (95% CI) P  HR (95% CI) P
Tumor size, > 8 cm (vs. ≤ 8 cm) 3.795 (1.205-11.953) 0.023   3.680 (1.249-10.842) 0.018 
Distant metastasis, presence (vs. absence) 6.200 (1.603-23.984) 0.008   3.450 (0.997-11.934) 0.050 
SIRT6, positive (vs. negative) 6.797 (2.129-21.702) 0.001   6.516 (2.234-19.001) < 0.001

OS, overall survival; RFS, relapse-free survival; HR, hazard ratio; 95% CI, 95% confidence
interval. The variables included in multivariate analysis were age, tumor size, stage, lymph
node metastasis, distant metastasis, histologic grade, and SIRT6 expression.
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Table 4. Univariate and multivariate survival analysis in 26 osteosarcoma patients who

treated with adjuvant chemotherapy
Characteristics No. OS    RFS  

   HR (95% CI) P   HR (95% CI) P

Univariate analysis       
 SIRT6, positive (vs. negative) 15/26 5.855 (1.290-26.563) 0.022   4.523 (1.245-16.434) 0.022 

Multivariate analysis       
 Tumor size, > 8 cm (vs. ≤ 8cm)     3.560 (1.055-12.009) 0.041 

 Distant metastasis, presence (vs. absence)  48.868 (2.759-865.448) 0.008   10.649 (1.186-95.614) 0.035 

 SIRT6, positive (vs. negative)  6.988 (1.439-33.930) 0.016   6.930 (1.727-27.814) 0.006 

OS, overall survival; RFS, relapse-free survival; HR, hazard ratio; 95% CI, 95% confidence
interval. The variables included in multivariate analysis were age, tumor size, stage, lymph
node metastasis, distant metastasis, histologic grade, and SIRT6 expression.

 

Figures
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Figure 1

Statistical and survival analysis according to the immunohistochemical expression of SIRT6 in
osteosarcoma. a Immunohistochemical expression of SIRT6 in human osteosarcoma tissue. b Receiver
operating characteristic curve analysis to determine a cut-off point of immunohistochemical expression
of SIRT6. The cut-off point was determined as the point with the highest area under the curve (AUC),
indicated by the arrow. c Kaplan-Meier survival analysis according to SIRT6 expression for overall survival
and relapse-free survival in 37 osteosarcoma patients.
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Figure 2

Kaplan-Meier survival analysis according to SIRT6 expression for overall survival and relapse-free
survival in 26 osteosarcoma patients who performed adjuvant chemotherapy.
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Figure 3

Suppression of SIRT6 synergizes doxorubicin-mediated inhibition of proliferation of osteosarcoma cells.
a U2OS and KHOS/NP osteosarcoma cells were transfected with control shRNA, shRNA for SIRT6, empty
vector, or wild-type SIRT6 and treated with the indicated dose of doxorubicin (0, 0.05, 0.1, 0.2, 0.4, or 0.8
μM) for 24 hours, and then measured with a BrdU proliferation assay. b The U2OS and KHOS/NP cells
transfected with control shRNA, shRNA for SIRT6, empty vector, or wild type-SIRT6 were treated with 0.1
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μM doxorubicin and measured after 24, 48, and 72 hours for proliferation with a BrdU assay. c A colony-
forming assay was performed by seeding U2OS cells (2×103) and KHOS/NP cells (2×103) transfected
with control shRNA, shRNA for SIRT6, empty vector, or wild type-SIRT6, and treating DMSO or 0.1 μM
doxorubicin in 24-well culture plates. *; P < 0.05, **; P < 0.001.

Figure 4
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Suppression of SIRT6 synergistically increases doxorubicin-mediated apoptosis of osteosarcoma cells. a
U2OS and KHOS/NP osteosarcoma cells were transfected with control shRNA, shRNA for SIRT6, empty
vector, or wild-type SIRT6 and treated with 0.1 μM doxorubicin. Western blots for SIRT6, cleaved PARP1,
BCL2, BAX, cleaved caspase 3, and GAPDH were performed. Densitometry analysis of western blots was
performed in triplicate and measured by using ImageJ software. b KHOS/NP cells transfected with empty
vectors, shRNA for SIRT6, or wild-type SIRT6 were treated with DMSO or 0.1 μM doxorubicin for 24 hours
and �ow-cytometry analysis performed with staining for propidium iodide and Annexin V. *; P < 0.05, **; P
< 0.001
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Figure 5

Suppression of SIRT6 potentiates doxorubicin-induced suppression of in vivo growth of osteosarcoma
cells. a KHOS/NP cells were transfected with empty vectors, shRNA for SIRT6, or wild-type SIRT6, and
2.5×106 KHOS/NP cells were injected into the marrow space of the right proximal tibia under anesthesia.
Two weeks after tumor cell inoculation, doxorubicin (4 mg/kg in DMSO, once a week) was injected
intraperitoneally. Macroscopic and microscopic images were acquired after euthanizing mice 20 days
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after the start of doxorubicin treatment. Immunohistochemical staining for SIRT6 was performed in
resected tumors. b The tumor volume was measured every �ve days. The tumor volumes were calculated
as “length x width x height x 0.52”. c Weight of tumors measured after resection. d Immunohistochemical
staining for Ki67 was performed in resected tumors and the percentage of Ki67-positive cells was
evaluated for each experimental group. e The number of TUNEL-positive cells was counted in ten
microscopic images obtained at high-power magni�cation (x400 magni�cation) for each tumor. *; P <
0.05, **; P < 0.001.
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Figure 6

SIRT6 stimulates the DNA damage repair pathway in doxorubicin-induced DNA damage. a U2OS and
KHOS/NP cells transfected with control shRNA, shRNA for SIRT6, empty vector, or wild type-SIRT6 were
treated with DMSO or 0.1 μM doxorubicin, and western blotting performed for SIRT6, ATM,
phosphorylated ATM (p-ATM), Chk-2, phosphorylated Chk2 (p-Chk2), P53, phosphorylated P53 [p-
P53(ser15)], H2AX, γH2AX, and GAPDH. Densitometry analysis of western blots was performed in
triplicate and measured by using ImageJ software. b Whole cell lysates of U2OS and KHOS/NP treated
with DMSO (0, control) or 0.1 μM doxorubicin were subjected to immunoprecipitation (IP) with an anti-
SIRT6 antibody, anti-p-ATM antibody, or an isotype IgG (control) followed by immunoblotting (IB) with
antibodies for SIRT6 and p-ATM. Input bands were obtained by performing western blot for SIRT6, p-ATM,
and GAPDH. *; P < 0.05, **; P < 0.001.
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Figure 7

Co-treatment of ATM inhibitor KU-55933 or the PARP inhibitor olaparib with doxorubicin synergistically
inhibited the proliferation of SIRT6-overexpressing U2OS and KHOS/NP osteosarcoma cells. a U2OS and
KHOS/NP cells transfected with empty vector or wild type-SIRT6 were treated with DMSO, 10 μM KU-
55933, 0.1 μM doxorubicin, or 0.1 μM doxorubicin and 10 μM KU-55933. BrdU proliferation assay was
performed by seeding of 0.8×103 U2OS cells and 0.8×103 KHOS/NP cells, and absorbance measured 24
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hours after seeding. Colony-forming assay was performed by seeding U2OS cells (2×103) and KHOS/NP
cells (2×103) in 24-well culture plates. b U2OS and KHOS/NP cells transfected with empty vector or wild
type-SIRT6 were treated with DMSO, 30 μM olaparib, 0.1 μM doxorubicin, or 0.1 μM doxorubicin and 30
μM olaparib. The BrdU proliferation assay was performed by seeding of 0.8×103 U2OS cells and 0.8×103
KHOS/NP cells, and the absorbance measured 24 hours after seeding. Colony-forming assays were
performed by seeding U2OS cells (2×103) and KHOS/NP cells (2×103) in 24-well culture plates. *; P <
0.05, **; P < 0.001.
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Figure 8

Co-treatment of ATM inhibitor KU-55933 or the PARP inhibitor olaparib with doxorubicin synergistically
increases apoptosis of SIRT6-overexpressing osteosarcoma cells. U2OS and KHOS/NP cells were
transfected with empty vector or wild-type SIRT6 and treated with DMSO, 10 μM KU-55933, 30 μM
olaparib, 0.1 μM doxorubicin, 0.1 μM doxorubicin and 10 μM KU-55933, or 0.1 μM doxorubicin and 30 μM
olaparib for 24 hours and �ow-cytometry analysis performed with staining for propidium iodide and
Annexin V. *; P < 0.05, **; P < 0.001.


